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We develop the realistic minimal electronic model for recently discovered BiS2 superconductors
including the spin-orbit coupling based on a first-principles band structure calculations. Due to
strong spin-orbit coupling, characteristic for the Bi-based systems, the tight-binding low-energy
model necessarily includes px, py, and pz orbitals. We analyze a potential Cooper-pairing instability
from purely repulsive interaction for the moderate electronic correlations using the so-called leading
angular harmonics approximation (LAHA). For small and intermediate doping concentrations we
find the dominant instabilities to be dx2−y2 -wave, and s±-wave symmetries, respectively. At the
same time, in the absence of the sizable spin fluctuations the intra and interband Coulomb repulsion
are of the same strength, which yields the strongly anisotropic behaviour of the superconducting
gaps on the Fermi surface in agreement with recent ARPES findings. In addition, we find that the
Fermi surface topology for BiS2 layered systems at large electron doping can resembles the doped
iron-based pnictide superconductors with electron and hole Fermi surfaces with sufficient nesting
between them. This could provide further boost to increase Tc in these systems.
I. INTRODUCTION
Recent discovery of BiS2-layered superconductors with
Tc up to 10K has attracted significant attention due to
striking similarities of their crystal structure with cuprate
and iron-based high-Tc superconductors
1–11. According
to the density functional theory (DFT) calculations, the
parent compounds of the BiS2-based superconductors are
semiconductors and the metallic behavior is achieved by
electron doping of the conduction band, which mainly
consists of Bi 6p orbitals1,12.
Although the origin of superconductivity is not yet
clear in these compounds, it was attributed to the
electron-phonon interaction13–15. This seems reasonable
in view of the low superconducting transition tempera-
ture and weaker electronic correlations of p-orbitals than
in their 3d-counterparts. However, in the recent neutron
scattering experiment, the observed almost unchanged
low-energy modes indicated that the electron phonon
coupling could be weaker than expected16. In addi-
tion, the large ratio 2∆/Tc may suggest that the pair-
ing mechanism is unconventional17,18. In addition, no
isotope effect on superconducting transition temperature
was found19.
Very recently, using ‘ab-initio’ approach the strength of
the electron-phonon coupling in LaO0.5F0.5BiS2 was es-
timated to be λ < 0.520, which is too low to explain the
superconducting transition temperature in this system.
Electron-electron correlations can, in principle, be also
responsible for the Copper pairing and there were several
theoretical studies about possible pairing symmetries in
these new superconductors arising due to repulsive in-
teractions21–24. However, as the nominal compositions
of the superconducting materials referred to the signifi-
cant electron doping3,11, all these previous studies con-
centrated on the high electron doping region where the
electronic structure was featured with large Fermi sur-
faces in close vicinity to Van Hove singularity. However,
very recently, it was reported that the actual electronic
filling in these systems is much lower than the nominal
one and there are only two small electron pockets around
the X points of the Brillouin Zone25,26 corresponding to
x = 0.2227. Most importantly, the recent observation
of the strongly anisotropic superconducting gaps on the
electron pockets in NdO0.71F0.29BiS2 using laser angle
resolved photoemission spectroscopy (laser ARPES) sug-
gests that the pairing mechanism for this system is likely
an unconventional one and was attributed to be a result
of the multiple paring interactions28.
Here, based on the fully relativistic ab-initio band
structure calculations, we develop the realistic minimal
electronic model for recently discovered BiS2 supercon-
ductors including the spin-orbit coupling, relevant for
Bi-based systems. We show that the tight-binding low-
energy model necessarily includes all three p-orbitals,
px, py, and pz. Using angular harmonics approximation
(LAHA)29 we analyze a potential Cooper-pairing insta-
bility from purely repulsive interaction concentrating on
the case of weak to intermediate electronic correlations
strength for small and intermediate doping levels. Sim-
ilar to the previous spin fluctuations based studies12,30
we find global dx2−y2 (B1g)-wave, and anisotropic s-wave
(A1g) symmetries, respectively, to be the dominant sym-
metries. However, our results show that for weak corre-
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2lations, i.e. when the intraband and the interband repul-
sion are of similar strengths, the gap cannot be described
by the single harmonics of the corresponding functions
of the A1g or B1g irreducible representations typical for
the case of the strong spin fluctuations. Instead, each
gap acquires a strong angular dependence in the form
of the multiple harmonics on each of the Fermi surface
pockets allowed by the global symmetry. This is a con-
sequence of the fact that the electronic system reduces
the net repulsion. We anaylze the form of these har-
monics and show that they are in agreement with recent
experimental ARPES observation28. We further investi-
gate the Fermi surface topology for BiS2 layered systems
at large electron doping and show its similarity with the
doped iron-based pnictide superconductors with electron
and hole Fermi surfaces with sufficient nesting between
them. This could provide further boost to increase Tc in
these systems.
II. TIGHT-BINDING MODEL
The fully relativistic band structure calculation of the
LaOBiS2 system was performed within DFT using the
Perdew-Burke-Ernzerhof exchange-correlation functional
as implemented in WIEN2K program31. The muffin-
tin radius of each atom RMT was chosen such that its
product with the maximum modulus of reciprocal vectors
Kmax become RMTKmax = 7.0. The lattice parameters
were taken from Ref.32 and the corresponding Brillouin
zone was sampled using a 12×4 k−mesh. From this band
calculation, as shown in Fig.1, we constructed a 12-band
tight binding (TB) model using the maximally localized
Wannier functions33–35 with Bi 6p (px, py, and pz) or-
bitals as projection centers. The resulting TB model was
further reduced to a 3-band model
Hˆ0 =
∑
ij
∑
νν′σ
tij;νν′c
†
iνσcjν′σ +
∑
iνσ
ενc
†
iνσciνσ, (1)
plus spin-orbit coupling by ignoring the inter-layer hop-
ping between the BiS2 layers. Here, tij;νν′ = t(xi −
xj , yi−yj ; νν′) are the nearest and next-nearest neighbor
hopping parameters obtained from projecting the results
of ab initio calculations. Their values are shown in Table
I where ν, and ν′ refer to the orbital indices. Thus, in
the Momentum space the Hamiltonian can be written as
Hˆ0 =
∑
kνν′σ
Tνν′(k)c
†
kνσckν′σ, (2)
with the hopping integrals
Tνν =t
ν
0,0 + 2t
ν
1,0 cos kx + 2t
ν
0,1 cos ky
+ 2tν1,1 cos(kx + ky) + 2t
ν
1,−1 cos(kx − ky),
Tνν′ =Tν′ν = t
νν′
0,0 + 2t
νν′
1,0 cos kx + 2t
νν′
0,1 cos ky
+ 2tνν
′
1,1 cos(kx + ky) + 2t
νν′
1,−1 cos(kx − ky).
Here tνx,y and t
νν′
x,y denote intra- and interorbital electron
hopping, as determined in Table I.
On top of that, the on-site spin-orbit (SO) coupling
Hamiltonian, HSO = λ L · S, written for the bismuth
p-orbitals have the following form:
HSO = λ
2

0 −i 0 | 0 0 1
i 0 0 | 0 0 −i
0 0 0 |−1 i 0
— — — |— — —
0 0 −1| 0 i 0
0 0 −i |−i 0 0
1 i 0 | 0 0 0

, (3)
hereafter, we set λ = 0.874eV as a fitting parameter to
match the results of the effective model to the DFT band
structure. The full electronic structure of the resulting
tight-binding Hamiltonian is shown in Fig.2(a). For the
low filling the band structure can be indeed reproduced
roughly by taking account only the px and py orbitals
and the parameters we find are similar to the ones found
previously12. We should note that the proper inclusion
of the spin-orbit coupling does require to involve the pz-
orbital into consideration. This is valid even for the small
fillings that always there is an admixture of the pz or-
bitals to the lowest band due to spin-orbit coupling.
For the small fillings the Fermi surface of the BiS2-
layer consists of the two electron pockets centered near
(±pi, 0) and (0,±pi) points of the BZ, which resembles
some of the iron-based electron-doped chalcogenide su-
perconductors. Upon doping the electron pockets be-
come bigger and at x = 0.5 the system undergoes the
transition from the small electronic Fermi surface pock-
ets to the large Fermi surface, similar to Ref.12. Due
to spin-orbit coupling the contribution of pz-orbital to
the conducting band increases and becomes quite signif-
icant for x > 0.5. Studying the evolution of the elec-
tron structure for larger doping we observe that for the
doping range n > 1.5, the Fermi surface topology resem-
bles strongly the one found in the iron pnictide supercon-
ductors (see Fig.2(c)). That corresponds to the weakly
nested electron and hole Fermi surfaces centered near the
corresponding points of the BZ. Such a nesting tends to
boost the inter-band electron-electron scattering and fa-
vor non-phononic mechanism of superconductivity.
III. LINDHARD RESPONSE FUNCTION
As mentioned in the introduction, the origin of super-
conductivity in BiS2 layers is still debated. Nevertheless,
given the similarity of the BiS2-systems and the iron-
based superconductors regarding crystal structure and
Fermi surface topology, it is tempting to apply the con-
cept of Cooper-pairing from repulsion to these systems
3(ν, ν′) [∆x,∆y]
[0,0] [1,0] [0,1] [-1,0] [0,-1] [1,-1] [-1,1] [1,1] [-1,-1]
(1, 1) 0 -82.5 -298 -82.5 -298 457 457 459 459
(2, 2) 0 -298 -82.5 -298 -82.5 457 457 459 459
(3, 3) 182 5.78 5.78 5.78 5.78 55 55 65 65.5
(1, 2) −3.01 0.513 0.562 0.711 0.662 -385 -385 386 385
(1, 3) 7.78 −0.337 7.19 −0.393 7.20 −5.27 −5.38 0.269 0.175
(2, 3) −7.78 −7.72 0.389 −7.19 0.334 5.27 5.38 −0.177 −0.272
TABLE I. Hopping parameters t(xi−xj , yi−yj ; νν′) = t(∆x,∆y; νν′) (in meV) for the simplified two-dimensional model. Note
that t(∆x,∆y; νν′) =t(-∆x,−∆y; νν′) and t(∆x,∆y; νν′) =t(∆x,∆y; ν′ν).
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FIG. 1. (Color online) Band structure of LaOBiS2 as ob-
tained directly form a DFT calculation (indicated by + sym-
bols) and as interpolated using atomic-like Wannier functions
centered at Bi sites. For the latter, px,y,z orbitals of Bi are
used as the projection centers. Note that our basis is rotated
by 45
◦
with respect to the one, employed in Ref.12.
as well, given much weaker correlations strength in Bi-
based materials. Previously, assuming spin fluctuations
scenario and the presence of the disconnected Fermi sur-
faces for the small electron doping the dx2−y2-wave sym-
metry for the BiS2 systems was obtained
12,30. At the
same time, recent ARPES experiments point towards
strongly anisotropic superconducting gap28, which would
not agree with the simple spin-fluctuation mediated sce-
nario with strong interband repulsion. Here, we concen-
trate on the more realistic situation of the weak spin fluc-
tuations and analyze the potential Cooper-pairing insta-
bilities for the case of disconnected Fermi surface pock-
ets using the leading angular harmonics approximation
(LAHA), developed previously and specially designed for
the systems when the spin fluctuations are either interme-
diate or weak.29,36,37. To search for the potential instabil-
ities of the electron system, we perform the calculations
of the Lindhard response function, which gives informa-
tion on the potential instabilities of electronic system.
For the multiorbital systems Based on the Lindhard spin
response function theory, the bare spin susceptibility is
defined by
(χss
′
)ν3ν4ν1ν2(q) =
〈
T Sˆsν1ν2(q, τ)Sˆ
s′
ν3ν4(−q, 0)
〉
, (4)
where νi runs over orbitals, and Sˆ
s are the spin operators
given by
Sˆsµν(q, τ) =
1
2
∑
kσσ′
c†kµσ(τ)σˆ
s
σσ′ck+qνσ′(τ), (5)
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FIG. 2. (Color online) Electronic structure of the BiS2-
layered superconductors. (a) shows the result of tight-binding
parametrization of DFT bands (dashed curves) using the
three orbitals px, py, and pz (solid curves) fit, including spin-
orbit coupling. The corresponding density of states (b) with
two representative chemical potential positions, and the re-
sulting Fermi surfaces (c-d) are also shown. The ± signs
in (c) and (d) refer to the phase structures of the nodeless
dx2−y2 -wave and s
±- wave gaps. The orbital contribution for
each Fermi surface is presented with slight offset for clarity.
4where σˆs are Pauli matrices. Therefore, by applying
Wick’s theorem and neglecting contractions leading to
q = 0, one can find that the different components of the
bare spin susceptibility, χss
′
0 , in the frequency domain is
(χss
′
0 )
ν2ν1
ν3ν4(q, iΩ) =
−T
4N
∑
k,iωn
γδγ′δ′
σˆsγδσˆ
s′
γ′δ′G
k,iωn
ν4ν1,δ′γG
k+q,iω′n
ν2ν3,δγ′ ,
(6)
with the Green’s functions Introduced by
Gk,iωnνν′,σσ′ = −
∫ β
0
dτeiωnτ
〈
Tτ ckνσ(τ)c
†
kν′σ′(0)
〉
, (7)
here we set iω′ = iωn + iΩ. Since the Green’s functions
are not diagonal in the orbital basis it is convenient to
move to the band representation, and find
Gk,τνν′,σσ′ =
∑
µ
ζµkνσζ
µ∗
kν′σ′G
k,τ
µ , (8)
where µ being the band index, and the matrix ele-
ments ζµkνσ, are connecting the band to the orbital basis:
ckνσ(τ) =
∑
µ ζ
µ
kνσbkµ(τ). By performing the Matsubara
frequency sum over ωn, yields
(χss
′
0 )
ν2ν1
ν3ν4(q, ω) = −
T
4N
∑
k,µµ′
γ,δ,γ′,δ′
σˆsγδσˆ
s′
γ′δ′×
(
ζµkν4δ′ζ
µ∗
kν1γ
ζµ
′
k+qν2δ
ζµ
′∗
k+qν3γ′
) f(Ek+q,µ′)− f(Ek,µ)
ω + i0+ + Ek+q,µ′ − Ek,µ ,
(9)
where f(. . .) are Fermi weight functions. The straightfor-
ward calculations based on the Pauli matrices relation:
σˆ+γδσˆ
−
γ′δ′ =

4 if γ = δ′ 6= γ′ = δ
0 otherwise
and
σˆzγδσˆ
z
γ′δ′ =

1 if γ = δ = γ′ = δ′
−1 if γ = δ = −γ′ = −δ′
0 otherwise
defined the transverse susceptibility as follows
(χ±0 )
ν2ν1
ν3ν4(q, ω) =
−T
4N
∑
kµµ′(
ζµkν4↑ζ
µ∗
kν1↑ζ
µ′
k+qν2↓ζ
µ′∗
k+qν3↓
) f(Ek+q,µ′)− f(Ek,µ)
ω + i0+ + Ek+q,µ′ − Ek,µ ,
(10)
and by considering σ˜ = −σ, we find
(χzz)ν2ν1ν3ν4(q, ω) =
−T
4N
∑
kµµ′σ
(
ζµkν4σζ
µ∗
kν1σ
ζµ
′
k+qν2σ
ζµ
′∗
k+qν3σ
− ζµkν4σζ
µ∗
kν1σ˜
ζµ
′
k+qν2σ˜
ζµ
′∗
k+qν3σ
)
×
f(Ek+q,µ′)− f(Ek,µ)
ω + i0+ + Ek+q,µ′ − Ek,µ ,
(11)
for the longitudinal susceptibility.
The results of the calculations for the two represen-
tative concentrations of the model are present in Fig3
(a),(b). For n = 0.2 and n = 1.4 the effect of the spin
orbit-coupling is an introduction of the weak easy-plane
anisotropy, i.e. χ+− > χzz, which appears to be an over-
all prefactor. Therefore we discuss only the behaviour of
χ+− and the situation for χzz is similar. For n = 0.2
we clearly observe the intraband (small q) and interband
(large Q) scattering of the electron pockets of similar
strength. This occurs due to similar orbital content of
the pockets. Nevertheless, the clear separation of the
peaks allows for the purely electronic mechanism of the
Cooper-pairing even in the presence of weak or moderate
correlations as we show later. At the same time, much
stronger electronic response is found for n = 1.4 where
one clearly finds the strong scattering between electron
and hole pockets near Q = (pi, 0)[(0, pi)]. It dominates
the instability of the electronic gas at this filling arising
from the logarithmic divergence of the Lindhard response
function near this wave vector due to near nesting of the
electron an hole bands separated by Q. This is somewhat
reminiscent of the electronic structure of the iron-based
superconductors and worth studying further.
IV. RANDOM PHASE APPROXIMATION
In order to study the superconducting state, we intro-
duce an intra-site Hubbard model, including intra and
inter-orbital interactions (U and U ′, respectively), as well
as the Hund’s rule J and pair hopping energy J ′, to
compute the total electronic response within the random
Phase approximation (RPA) approach. In this respect,
the real space picture of the interacting Hamiltonian is
given by23
Hint =
∑
i,ν
Uniν↑niν↓ +
∑
i,ν 6=ν′
[
(U ′ − J
2
)niνniν′
− 2JSiν · Siν′ + J ′(c†iν↑c†iν↓ciν′↓ciν′↑ + h.c.)
]
,
(12)
where niν =
∑
σ niνσ =
∑
σ c
†
iνσciνσ, and Siν =∑
σ,σ′ c
†
iνσσˆσσ′ciνσ′ . Therefore, in the band representa-
tion the total Hamiltonian reads
Hˆ =
∑
µ,k
µ(k)b
†
µkbµk+∑
µµ′,kk′
Γµµ′(k,k
′)b†µkb
†
µ,−kbµ′k′bµ′,−k′ ,
(13)
where the quartic terms describe the scattering of pairs
(k ↑,−k ↓) on the pocket µ to (k′ ↑,−k′ ↓) on the pocket
µ′, with subsequent scattering amplitude:
Γµµ′(k1,k2) =∑
ptsq
ζp∗−k1µζ
t∗
k1µ′
[
Γsqtp(k1,k2)
]
ζsk2µζ
q
−k2µ′ ,
(14)
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FIG. 3. (Color online) (a) and (b) Bare transversal suscepti-
bilities in states/eV for doping levels n = 0.2 and n = 1.4, re-
spectively. Susceptibility values are overall higher for n = 1.4
due to a larger scattering rate consistent with the FS topology.
(c, d) Corresponding RPA transversal susceptibilities for the
same doping levels. The values of the Hubbard Hamiltonian
parameters are given by: U = 0.6, V = 0.42, J = J ′ = 0.14,
which corresponds to the moderate level of the correlations.
The peaks in the bare susceptibility are enhanced within the
RPA only for the larger value of n. If the incommensurate
peak at (pi/3, pi/3) and the one close to (pi, pi) for n = 0.2
are only slightly enhanced, the peaks close to the antiferro-
magnetic wave-vector Q = (pi, 0) for n = 1.4 are enhanced
significantly due to the fact the the pockets have a different
character. While the pockets near the Γ and M pockets are
hole like, the pockets near X and Y -pints are electron like.
Momentum ranges are given by (−pi ≤ qx/y ≤ pi).
in which, the vertex
[
Γsqtp(k1,k2)
]
describes the am-
plitude of the scattering in orbital basis, and it is a
linear combination of the interactions: U , U ′, J , and J ′.
Here, ζpkµ = ζ
µ∗
kp are the matrix elements connecting the
orbital and band basis, and they represent the orbital
contributions to the Fermi surface, see Fig. 2(c&d).
The final RPA result of the susceptibility can be ad-
dressed in the form of Dyson equations as follows:
(χRPA)
p,q
s,t = (χ0)
p,q
s,t + (χRPA)
p,q
u,v(Uµ)
u,v
w,z(χ0)
w,z
s,t , (15)
where (Uµ)
u,v
w,z are the coefficients of the interacting
Hamiltonian arranged into the three orbital basis ma-
trix, and the repeated indices are summed over. For the
transversal susceptibility the above equation results in
(χ±RPA)
p,q
s,t = (χ
±
0 )
p,q
s,t + (χ
±
RPA)
p,q
u,v(U
±
µ )
u,v
w,z(χ
±
0 )
w,z
s,t , (16)
where the non-zero components of Uµ are given by
(U±µ )
a,a
a,a = U˜ ; (U
±
µ )
a,a
b,b = J˜ ;
(U±µ )
a,b
a,b = V˜ ; (U
±
µ )
a,b
b,a = J˜
′.
however, for the longitudinal susceptibility we find
(χzzRPA)
p,q
s,t =
1
4
[∑
σ
(χσσRPA)
p,q
s,t −
∑
σ 6=σ′
(χσσ
′
RPA)
p,q
s,t
]
, (17)
where
(χσσ
′
RPA)
p,q
s,t = (χ
σσ′
0 )
p,q
s,t + (χ
σσ′
RPA)
p,q
u,v(U
σ′σ
s )
u,v
w,z(χ
σσ′
0 )
w,z
s,t ,
(18)
with
(Uσσ
′
µ )
a,a
a,a = U˜ ; (U
σσ′
µ )
a,a
b,b = V˜ ;
(Uσσ
′
µ )
a,b
a,b = J˜ ; (U
σσ′
µ )
a,b
b,a = J˜
′,
and finally
(χσσRPA)
p,q
s,t = (χ
σσ
0 )
p,q
s,t + (χ
σσ
RPA)
p,q
u,v(U
σσ
µ )
u,v
w,z(χ
σσ
0 )
w,z
s,t ,
(19)
with
(Uσσµ )
a,a
a,a =0; (U
σσ
µ )
a,a
b,b = V˜ + J˜ ;
(Uσσµ )
a,b
a,b =J˜ + V˜ ; (U
σσ
µ )
a,b
b,a = 0.
Despite the fact that the correlations should be moder-
ate in BiS2 systems, we still include the RPA correc-
tions assuming the strength of the interactions to be
U < t. Nevertheless, as the Lindhard response function
shows, there are several intraband and interband scatter-
ing peaks, well separated in momentum space. Therefore,
we expect them to be enhanced differently once correla-
tions are included in the particle-hole channel. In par-
ticular, we see that the RPA spin susceptibilities, despite
of moderate interactions, further strengthen the features,
present in the Lindhard response function. For n = 0.2
the interband and intraband scattering are only slightly
enhanced, which indicates very weak instability of the
electron gas in the magnetic channel. The interband and
intraband magnetic fluctuations are by far not enough
to generate the true magnetic instability. They are, how-
ever, sufficiently strong to generate the so-called nodeless
dx2−y2 -wave superconductivity with sign change of the
gap between electron pockets. This type of superconduc-
tivity was originally proposed for relatively small electron
filling within spin fluctuation scenario12. The crucial dif-
ference is, however, that this gap possesses strong an-
gular dependence on the Fermi surface sheets making it
difficult to identify the global dx2−y2−wave symmetry.
Furthermore, for large n = 1.4 the instability with re-
spect to the (pi, 0) or (0, pi) density wave type ordering
is stronger, which is somewhat similar to the iron-based
superconductors. Such an instability is known to favor
the so-called s±-wave symmetry of the superconducting
6order parameter, driven by short-range magnetic fluctua-
tions. We analyze these instabilities quantitatively in the
section using the so-called leading angular harmonic ap-
proximation, introduced previously29,36,37. As we show
later, even in this case there are higher angular harmonics
in the superconducting gap on the Fermi surface.
V. LEADING ANGULAR HARMONICS
APPROXIMATION
The LAHA approximation was developed for the iron-
based superconductors 29,36,37 as a method to analyt-
ically solve and characterize the superconducting gap
equation. This method is particularly well suited once
the interactions are moderate, which do not give rise to
a pronounced enhancement of the spin fluctuations as it
is the case in LiFeAs29. In this section we extend it to
the BiS2 superconductors. The basic idea of LAHA is
that the Γµµ′ , defined in eq. (14), are dependent on the
angles along different Fermi surface sheets, which are well
separated in the BZ. Therefore, they can be defined as
simple functions of the momenta k and k′ 29,36,37. In
particular, one can decompose the Γµµ′(k,k
′) into rep-
resentations of the tetragonal space group A1g (s-wave)
and B1g (d-wave), i.e.,
Γ(A1g)(k,k′) = Γs(k,k′) =
∑
m,n
AsmnΨ
s
m(k)Ψ
s
n(k
′),
and
Γ(B1g)(k,k′) = Γd(k,k′) =
∑
m,n
AdmnΨ
d
m(k)Ψ
d
n(k
′),
with Ψs and Ψd being the basis functions of the A1g
and B1g representations, respectively. Finally, the Γ
(A1g)
and Γ(B1g) can be expanded to model the angular de-
pendence of the pair-scattering. In this work, the LAHA
approximation will be adapted and implemented to an-
alyze the superconducting instabilities of BiS2 supercon-
ductors in two limiting cases: the small (n < 0.5), and
the large (n > 1.5) electron fillings. The Fermi Surface
topology is characterized in both cases by the presence of
disconnected electron and/or hole pockets centered near
the high-symmetry points of the first BZ. Furthermore,
we expect the spin singlet state to dominate the actual
pseudo-spin-singlet Cooper-pairing and that the Cooper-
pairs can be further characterized as even-parity spin sin-
glet solutions. This is due to the fact that the spin-orbit
coupling only introduces the overall difference between
the longitudinal and the transverse components, which
is weakly momentum dependent. Thus, one could con-
sider the Cooper-pairing can be still determined as an
even parity wave functions in the psudospin basis. Fur-
thermore, as the admixture of the pz orbitals is also often
weak, the spin remains in most of the cases a good quan-
tum number.
A. Low doping limit: n = 0.2
The Fermi Surface of the system for small doping levels
consists of two electron pockets at (pi, 0), e1, and (0, pi),
e2. In contrast to the Fe-based superconductors, the
topology of these pockets is rather non-elliptical (Fig. 2),
implying that higher harmonics (up to cos 4φ) need to be
considered to correctly describe the scattering processes:
Γse1e2 = Uee
[
1 + 2αee(cos 2φke1 − cos 2φk′e2)− 4βee cos 2φke1 cos 2φk′e2 + 2γee(cos 4φke1 + cos 4φk′e2)
+ 2δee(cos 2φke1 cos 4φk′e2 − cos 2φk′e2 cos 4φke1) + 4ηee cos 4φke1 cos 4φk′e2
]
,
Γde1e2 = U˜ee[−1− 2α˜ee(cos 2φke1 − cos 2φk′e2) + 4β˜ee cos 2φke1 cos 2φk′e2 − 2γ˜ee(cos 4φke1 + cos 4φk′e2)
∓ 2δ˜ee(cos 2φke1 cos 4φk′e2 − cos 2φk′e1 cos 4φke2)− 4η˜ee cos 4φke1 cos 4φk′e2 ],
Γseiei = Uee
[
1± 2αee(cos 2φkei + cos 2φk′ei) + 4βee cos 2φkei cos 2φk′e1 + 2γee(cos 4φkei + cos 4φk′ei)
± 2δee(cos 2φkei cos 4φk′ei + cos 2φk′ei cos 4φkei) + 4ηee cos 4φkei cos 4φk′ei
]
,
Γdeiei = U˜ee[1± 2α˜ee(cos 2φkei + cos 2φk′ei) + 4β˜ee cos 2φkei cos 2φk′ei + 2γ˜ee(cos 4φkei + cos 4φk′ei)
± 2δ˜ee(cos 2φkei cos 4φk′ei + cos 2φk′ei cos 4φkei) + 4η˜ee cos 4φkei cos 4φk′ei ].
Here the upper (lower) sign corresponds to pocket 1 (2),
φkei (φkhi ) represents the angles along the i
th electron
(hole) pocket, and Γs and Γd refer to the extended s-wave
and dx2−y2 -wave Cooper-pairing vertex, respectively. As
the correlations are weak, it is instructive to consider the
LAHA projections not for the RPA but only restricting to
the second order perturbation for the interactions. They
are shown in Table II.
7Uee αee βee γee δee ηee
0.393 −1.463 · 10−4 1.438 · 10−5 8.866 · 10−3 1.009 · 10−4 6.172 · 10−4
U˜ee α˜ee β˜ee γ˜ee δ˜ee η˜ee
0.041 0.0764 5.912 · 10−3 0.0516 7.885 · 10−3 2.660 · 10−3
TABLE II. Parameters of the LAHA projection of the electronic interactions projected on the extended s-wave and dx2−y2 -wave
symmetry representations for n = 0.2 and with U = 0.6, V = 0.36 and J = J ′ = 0.12 (all in eV).
Observe that the constant part of the interaction in
the A1g- pairing channel is larger than in the B1g-one.
Nevertheless, the constant part of the interaction is al-
ways repulsive for the Fermi surface topology for small n,
while the interband part of the repulsion is pair-building
for the B1g-symmetry, due to the change of the sign of the
order parameter between the (pi, 0) and the (0, pi) pock-
ets. Nevertheless, the inter and intraband repulsions are
the same due to the fact that both bands are electron-
like. An inclusion of the RPA corrections in the particle-
hole channel due to interband nesting helps in achieving
U˜e1e2 > U˜e1e1, U˜e2e2. Nevertheless, all interactions are
still very similar to each other as the spin fluctuations
are not strongly enhanced, see Fig.3(c). As a result the
solution for the superconducting gap acquires a strong
angular dependence in the B1g-channel in the form
∆e1(φ) = ∆e + ∆¯e cos 2φ+ ∆˜e cos 4φ+ ...
∆e2(φ) = −∆e + ∆¯e cos 2φ− ∆˜e cos 4φ+ ...
(20)
where ... stands for the higher harmonics of cos 6θ and
cos 8θ, which we have not explicitly included. Further-
more, it is important to realize that for the intraband and
interband repulsive interaction of similar strength, the
superconductivity occurs only if the angular dependent
harmonics are of the same magnitude as the constant
parts of the gap29, which yields nearly nodal behaviour
of the superconducting gap on each of the Fermi surface
sheets, i.e. we find ∆e ∼ ∆¯e ∼ ∆˜e. This is in qualita-
tive agreement with the experimental data28. Neverthe-
less, the most important prediction of the superconduct-
ing gap to belong to the B1g-irreducible representation
is the antiphase character of the constant magnitudes
and cos 4θ harmonics on the two electron pockets, which
still needs to be tested experimentally. Observe, that
near-nodal dx2−y2-wave solution dominates for the Fermi
topology consisting of the electron pockets and the angu-
lar harmonics are increasing in magnitudes with increas-
ing n. Importantly, this is not altered by the inclusion of
the spin-orbit coupling and this symmetry appears to be
still the most dominant one for n < 0.4. For larger doping
the Fermi surface undergoes a so-called Lifshitz transi-
tion and changes its topology12,23. Although for n > 0.4
the unconventional superconducting mechanism cannot
be fully excluded, the superconducting mechanism can-
not be purely repulsive as the momentum structure of
the response function is less pronounced. Therefore it
will likely lose against simple s-wave symmetry, driven
by the electron-phonon interaction.
  


s±-waved-wave
FIG. 4. (Color online) Putative superconducting phase di-
agram arising from the repulsive interactions. Onset: (a)
Evolution of the cos 4φk cos 4φk′ angular dependence of the
pair-scattering between electron pockets with increasing dop-
ing. (b) Evolution of the cos 2φk angular dependence between
electron and hole pockets with increasing doping.
B. Intermediate doping limit: n = 1.4
For a larger doping level n, we find a richer and
more complicated Fermi Surface: the electron pockets
described in the previous section have now merged giv-
ing rise to two hole pockets located at Γ and M . On
the other hand, elliptical electron pockets from the up-
per energy band appear at X and Y . All pockets have a
similar radius, and are separated by a large wave vector
Q = (pi, 0) or (0, pi).
Due to the presence of hole pockets, we need to take
into account hole-hole Γhihj , and electron-hole Γeihj scat-
tering vertices. On the other hand, all four pockets are
highly symmetric now. Therefore, we neglect the har-
monics higher than cos 2φ on the electron pockets for
simplicity:
Γseiei = Uee[1± 2αee(cos 2φkei + cos 2φk′ei)
+4βee cos 2φkei cos 2φk′ei ],
and
Γdeiei = U˜ee[1± 2α˜ee(cos 2φkei + cos 2φk′ei)
+4β˜ee cos 2φkei cos 2φk′ei ].
and the hole pockets can be reasonably well approxi-
mated by circle i.e. by a constant term. Therefore we
8Uee αee βee Uh1h1 Uh2h2 Uh1h2 Uh1e Uh2e αh1e αh2e
0.405 −7.909 · 10−4 3.156 · 10−5 0.303 0.321 0.309 0.237 0.238 9.928 · 10−4 −2.806 · 10−3
U˜ee α˜ee β˜ee U˜h1h1 U˜h2h2 U˜h1h2 U˜h1e U˜h2e α˜h1e α˜h2e
0.0262 0.0894 8.144 · 10−3 0.0187 2.644 · 10−3 6.816 · 10−3 0.0221 8.143 · 10−3 0.179 0.182
TABLE III. Parameters of the LAHA projection of the electronic interactions projected on the extended s-wave and dx2−y2 -wave
symmetry representations for n = 1.4 with U = 0.6, V = 0.36 and J = J ′ = 0.12 (all in eV).
have,
Γhihi =Γ
s
hihi + Γ
d
hihi = Uhihi + U˜hihi cos 2φkhi cos 2φk′hj ,
Γh1h2 =Γ
s
h1h2 + Γ
d
h1h2
=− Uh1h2 − U˜h1h2 cos 2φkhi cos 2φk′hj ,
Finally, the electron-hole vertices read
Γhiej = Γ
s
hiej + Γ
d
hiej = ±Uhiej
[
1± αhiej cos(2φ′kej )
]
+U˜hiej cos(2φkhi)
[
1± α˜hiej cos(2φ′kej )
]
,
here, upper and lower sign corresponds to Γh1e1 and Γh2e2
respectively. We present the results of the projections for
the bare interactions in Table III. As one clearly sees, the
largest repulsive interaction in the Cooper-pairing chan-
nel occurs in the A1g−channel. However, in contrast to
the case of smaller n, here the Fermi surface topology
allows to have the A1g-solution due to the appearance of
the hole pockets near the Γ and M points of the Brillouin
Zone. As a result, the repulsion between the electron and
the hole pockets becomes effectively pair-building for the
so-called s±-wave symmetry due to the change of sign of
the superconducting gap between electron and hole pock-
ets. Furthermore, due to the different character of the
bands, the interaction between electron and hole pock-
ets will be enhanced even for the moderate renormaliza-
tion within RPA, as seen from Fig.3(d). Therefore, this
state wins over dx2−y2-wave for these doping concentra-
tions. In particular, we find for the superconducting on
the electron and hole pockets in the A1g-channel
∆h1(φ) = ∆h1
∆h2(φ) = ∆h2
∆h3(φ) = ∆h3
∆e1(θ) = ∆e + ∆¯e cos 2θ
∆e2(θ) = ∆e − ∆¯e cos 2θ
(21)
where the signs of the constant gap on the electron and
hole pockets are opposite. It is interesting to note that
even for the moderate correlations within RPA the inter-
band repulsion between the electron and the hole pock-
ets becomes larger than the intraband or the interband
within pockets of the same character, i.e. h1h2 or e1e2.
As a result the gaps on the hole pockets can be consid-
ered as constants to a good approximation. On the elec-
tron pockets the gaps still acquire some significant angle
dependence with ∆¯e < ∆e. Analysing further the be-
haviour of the interactions and solving the linear version
of the BCS gap equation we found that this part of the
doping phase diagram is dominated by the s+−−wave
symmetry with sign changing gap on the electron and
hole pockets. Although such a filling factor was not
achieved for BiS2-systems, yet it would be interesting to
investigate its potential realization in these and similar
systems.
VI. CONCLUSIONS
To conclude, we develop the effective low-energy
Hamiltonian of BiS2 lyered superconductors based on the
fully relativistic ab-initio band structure calculations, in-
cluding the spin-orbit coupling, relevant for Bi-based sys-
tems. The model consists of the tight-binding Hamil-
tonian, based on all three p-orbitals, px, py, and pz.
The spin orbit coupling introduces weak spin anisotropy,
which does not modify the spin structure of the Cooper-
pairing. In particular, due to relatively weak contribution
of the pz orbitals to the Fermi surface, the Cooper-pairing
can be still regarded as even parity spin singlet state. De-
spite of the weakness of correlations for the p−electrons
we find that the purely repulsive interaction still yields
unconventional superconductivity as soon as the interand
and intraband interactions can be separated in the mo-
mentum space. In particular, for n ∼ 0.3 the supercon-
ducting gap possesses the global dx2−y2−wave symme-
try yet it acquires strong angular dependence forming
accidental nodes or deep minima on the electron pock-
ets, located at X and Y points of the BZ. This generally
agrees with recent ARPES experiments28 and indicates
that the mechanism of the Cooper-pairing is still repul-
sive in nature. Despite the near-nodal or nodal behavior
and strong angular dependence of the gaps on the Fermi
surface, the global symmetry remains dx2−y2-wave. This
is reflected by the opposite signs of the cos 4φ harmonics
on the two electron pockets, respectively. This interest-
ing predication needs to be further verified experimen-
tally. Furthermore, with increasing n we find another
doping region where the interaction has a well-defined
momentum structure with a clear separation of the in-
etrband and intraband scattering. The topology of the
Fermi surface is then similar to the case of iron-based
superconductors with electron and hole pockets. In this
case the nesting between electron and hole bands pro-
motes the nodeless A1g-symmetry representation to be
9the dominant solution in this case even for the weakly
correlated case.
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